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Abstract

An experimental study on the thermal flow behavior inside a flat-plate collector and the impact
of insert devices (passive heat transfer enhancement techniques) on the thermal performance of
the collector is presented. Temperature fields were obtained for different Reynolds numbers
(250-650) and at different inclination angles of the collector. The results show that a stratified
flow is developed inside the collector and the warmer fluid restricts itself to the upper portion of
the collector only. Various new configurations of the conventional insert devices were tested
over a wide range of Reynolds number (200-8000). Comparison of these devices show that in
laminar flow regime, wire mesh proves to be an effective insert device and enhances Nusselt
number by 270% while in turbulent flow regime while in Reynolds number range 2700-8000,
concentric coil insert significantly increases the heat transfer and an increase of 460% in Nusselt
number is witnessed.

Keywords
Insert devices, heat transfer enhancement, flat-plate collector, solar, temperature field, inclined
collector.
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Chapter 1
Introduction
1.1 Introduction
It is anticipated that from 2010 to 2030, world primary energy demand will increase at a rate of
1.7 % per annum [1]. Despite the harmful emissions from the burning of fossil fuels, the reliance
of fossil fuels to meet the global energy demand will continue over the next few decades. It has
been predicted that 75% of the global energy demand would still be fulfilled by fossil fuels in
2035 [2]. This continued consumption of fossil fuels will have detrimental effects on the
environment and may lead to some catastrophic outcome. According to the International Energy
Agency, if no strict actions are taken by 2017 then all existing energy infrastructure would
surpass the allowable carbon emission limit and hence there will be no room for additional
power plants, factories and other infrastructure, except for those with zero-carbon emissions [2].
Despite the issue of harmful emissions, another major concern with fossil fuels is their shrinking
reserves. It has been predicted that world petroleum reserves will last for almost 100 years, while
the natural gas reserves are expected to last for over 150 years [3].
The prime reason for this continual heavy reliance of fossil fuels is the unavailability of efficient
and cost effective renewable technologies that could substitute the fossil-based energy systems.
Almost all of the current renewable energy technologies except for hydroelectric power are
either not mature or economically not competitive against their conventional counterparts.
Therefore, there is an urgent need to develop/improve renewable energy technologies. Although
there are continuous efforts to develop efficient and economical renewable energy systems, their
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pace of advancement is slow. It has been predicted that the share of non-hydro renewables in the
power generation will increase to 15% in 2035 from 3% share in 2009 [2].
In cold climate like Canada, a major fraction of the energy consumption in the residential sector
is for space and water heating. According to statistics, in the Canadian residential sector, 63% of
the total energy is used for space heating, while 18% is utilized for water heating [4]. In the
commercial and institutional sectors, the heating fraction reduces to about 50% [4]. Electricity is
the major source of energy for water heating in Canada and constitutes about 50% of the total
water heating demand, while, 43% of water heating relies on natural gas, and remaining 7%
utilize other sources such as oil [5]. Therefore, the need for renewable technologies is not only
for power but also for heating.
Sun is the ultimate source of energy on Earth which radiates in one year, about 15000 times the
total energy consumed per year worldwide [6]. Despite its abundance, the solar energy
technologies are still either at infancy or economically uncompetitive. Of these solar energy
technologies, only two technologies are fully commercialized which are photovoltaic cell to
generate electricity or solar water heaters. Solar water heaters are emerging as a clean energy
technology which extracts thermal energy radiated by the sun for domestic water heating, pool
heating or even space heating. Solar water heaters collect Sun’s energy to raise the temperature
of a fluid which may be used directly or to raise the temperature of some other useful fluid.
A solar collector constitutes the core component of any solar water heating unit. The most
commonly used solar collectors for domestic water heating are flat –plate collectors. They
generally consist of a tube and fin geometry and are made of a metal with high conductivity. The
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external fins are often attached as absorber plates and are painted black to increase their thermal
absorptivity. The bottom surface is kept insulated and the entire collector assembly is placed
inside a glazed surface which keeps the heat trapped to increase its efficiency [7]. The thermal
energy absorbed by the absorber plates is conducted to the tube which further increases the heat
transfer to the working fluid flowing through the collector tube. The payback period for solar
water heaters is much shorter than PV solar but cost is still not competitive against the
conventional water heating systems. Therefore, efforts are needed to reduce the system cost
and/or increase the system efficiency.

1.2 Literature Review
Many researchers in the past have analysed the hydro-dynamic and thermal behavior inside the
circular tubes and flat-plate collectors. A general observation in this concern is that a stratified
flow is developed in the collector. The warmer fluid rises as a result of buoyancy produced and
remains in the upper portion of the collector whereas the colder fluid being heavier, remains in
the lower part. In a flat plate solar collector, direct radiation from the sun is incident only on the
upper face of the collector, which leads to a non-uniform temperature distribution around the
collector tube. Heat transferred to the tube by fins via fin-tube joints further complicates the
thermal behavior. These factors lead to the development of stably stratified flow in the upper part
of the tube, whereas in the lower part, an unstably stratified flow is developed due to the heat
conducted circumferentially to the lower surface of the tube [8].
Sookdeo & Siddiqui [8] used PIV technique to study the complex flow fields inside a solar
collector in laminar flow regime (150<Re<900). They found that the non-uniform heating
3

significantly alters the flow structure inside the collector tube. They observed an asymmetry in
the mean velocity profiles where the velocity peak shifts towards the bottom of the tube and
attributed it to the formation of stably and unstably stratified layers and their interactions. . Fan
& Furbo [9] numerically and experimentally studied the temperature and flow distribution in a
solar collector and the influence of buoyancy on these distributions. They observed that as the
flow rate decreases, the fluid temperature rises along the collector tube length and the fin
temperature has a direct impact on the working fluid temperature. They also concluded that the
flow inside the collector remains uniform only at higher flow rates. Fan et al. [10] analysed the
thermofluid behavior in a solar collector panel and observed the influence of parameters such as
flow rate, inlet fluid temperature, inclination angle, etc on the collector performance. They
observed that the buoyancy effects become prominent with a decrease in the flow rate. They
argued that for large inclination angles, the buoyancy effects are also higher as buoyancy is
affected by gravitational force. They found that the flow distribution lost its uniformity with an
increase in the collector inclination angle. However, the effect of collector inclination angle
decreases with an increase in the flow rate due to the diminishing effects of buoyancy. Alvarez et
al. [11] numerically and experimentally analysed a flat plate solar collector. They observed that
the mean plate temperature and the mean fluid temperature inside the corrugated collector rise in
a similar manner with time and tend to stabilize after sometime to attain a constant temperature.
They also tested a serpentine-shaped collector and compared its performance with conventional
collector and found that the former one performed better. Takerian & Yazdarshenaz [12] tested a
solar collector with rhombic cross-section tubes and studied the temperature distribution for fluid
and fins along the collector length. They observed that at a particular cross section, the upper
wall temperature was higher than that for the lower wall. They argued that this was a result of
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secondary flow which forces the warmer fluid to stay in the upper section and the colder fluid
near the bottom.
In solar collectors, the flow rates are kept low to maximize the temperature gain of the fluid.
Hence, the Reynolds numbers are typically set under 1000. Under such condition, the heat
transfer is in the form of mixed convection where both forced and free convection modes coexist. Several authors have studied mixed convection in channel flows. Mohammed & Salman
[13] examined mixed convection heat transfer in thermally developing flows inside a
horizontally oriented circular tube in laminar flow regime. They argued that in channel flows,
due to the interaction of free and forced convection modes, the uniformity of the flow is
disturbed. They observed that surface temperature of the tube is influenced by many factors such
as heat flux, Reynolds Number and entrance length. They also observed that the surface
temperature rises along the tube length up to a certain point beyond which it decreases slightly.
They also emphasized that heat flux has direct impact on local Nusselt number which is a result
of higher intensity of secondary flow at higher heat flux. They argued that warmer fluid in the
tube rises circumferentially along the sides as a result of which, the colder fluid in the core starts
to descend. Kuppler [14] analysed heat transfer in a horizontal circular tube with uniform heat
flux condition in laminar flow regime (100<Re<2000). They observed that the bulk fluid
temperature gradient and mean wall temperature gradient are not same along the tube axis, and
attributed this to the change in fluid properties with temperature. He argued that the heat transfer
coefficient correlation for the entire tube length are affected by the fact that free convection does
not immediately come into play, but the phenomenon of free convection begins to take place
after the fluid reaches certain development. Iqbal & Stachiewicz[15] examined the impact of
inclination angle on mixed convection heat transfer through a tube in laminar flow range and
5

constant heat flux condition. They concluded that the Nusselt Number increases with an increase
in the tilt angle of the tube and that the Nusselt Number attains the highest values when the tilt
angle stays between 20˚ and 60˚. An experimental study on combined free and forced convection
in inclined and horizontal tubes was carried out by Barozzi et al. [16] in the Reynolds number
range 200-2300. They found that the Nusselt Number decreased in the entrance region and then
stayed constant for the entire tube length. They attributed the initial decrease in the Nusselt
number to thermally developing flow inside the tube. Once, the flow becomes thermally
developed, the ratio of convective to conductive heat transfer coefficients becomes constant.
Regarding the impact of tube inclination, they reported a decrease in the heat transfer rate as the
tilt angle increased from 0˚ to 60˚, which contradicted the observation of Iqbal and Stachiewicz
[15]. Mare et al. [17] analysed mixed convection in tubes oriented at 30˚, 45˚ and 60˚ in low
laminar range (Re<100) using PIV technique. They obtained axial velocity profiles in vertical
plane and observed that there was an increase in the maximum axial velocity with an increase in
the inclination angle. They also stated that the location of the maximum axial velocity shifted
towards the top of the tube with an increase in the tilt angle. Orfi & Galanis [18] numerically
studied the bifurcation in fully developed laminar mixed convection flow in inclined tubes with
uniform heat flux. They explained that in horizontal tubes, maximum axial velocity at a given
cross section is developed in the region below the tube axis. This is in accordance with Mare et
al[17]. They added that in horizontal tubes, wall shear stress is more significant in lower portion
of the tube, as compared to that in inclined tubes. They observed that flow stratification reduced
with an increase in the inclination angle, which is due to the reduced effects of buoyancy if a
particular cross section is considered in the two cases. Ouzzane & Galanis[19] numerically
studied mixed convection in tubes with external fins at various inclinations. They found that in
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case of externally finned tubes, five times more energy is transferred to the fluid as compared to
a simple tube. They argued that this energy gain is not constant throughout the collector length
but observed a linear decrease along the tube axis. They also noticed that fluid extracts more
energy from the bottom portion of the collector as compared to upper portion. They observed
that far downstream, when flow becomes thermally fully developed, the isotherms at any given
cross section become distorted due to secondary flow development.
There are generally three kinds of heat transfer enhancement techniques: Active, Passive and
Compound techniques [20]. The prime objective of these techniques is to increase turbulence
which increases mixing and hence enhances the heat transfer. Active heat transfer enhancement
techniques require an external power source to increase turbulence, e.g. vibrations, surface
rotation, jet impingement etc. Passive techniques involve modification of the surfaces (addition
of fins or corrugated surfaces) or use of insert devices such as twisted tapes, wire coils etc to
generate turbulence. When a combination of two or more of the above mentioned techniques is
used simultaneously, it is called compound technique for heat transfer enhancement.
Several studies have been reported in the literature that investigated various passive heat transfer
augmentation techniques. These investigations were made in standard circular tubes as well as in
solar collectors.
Hobbi & Siddiqui[21] carried out an experimental study to investigate the effect of insert devices
on heat transfer process in a flat plate solar collector in Reynolds number range 200-2000. They
tested twisted tapes, wire coils and conical ridges. They concluded that insert devices are not
effective when stable stratification of the flow is too strong as the stable stratification dampens
turbulence. Martin et al. [22] used enhancement techniques to improve the thermal performance
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of flat plate collectors in Reynolds number range from 520 to 2340. They concluded that the flat
plate collector consisting of spiral wire coil as an insert performed better than the collector with
no insert and the efficiency was increased by 15% while heat loss coefficient was reduced by
30%. Kumar & Prasad [23] tested twisted tape inserts in order to investigate their impact on heat
transfer in solar water heaters. They found that twisted tapes led to an enhancement of 18-70% in
heat transfer but the pressure drop rose by 87-132%. They concluded that the swirl flow
generated by the twisted tapes led to better mixing of the fluid which further resulted into
enhanced heat transfer. They argued that for lower flow rates, the pitch ratio of the twisted tape
is important to consider and as per their observation, a decrease in twist pitch ratio led to
increased heat transfer coefficient. Gunes et al. [24] – analysed the impact of using a wire coil
placed away from the tube walls, inside a circular tube, on heat transfer and pressure drop. They
used air as working fluid and the Reynolds number associated with their experiments varied from
4105 to 26400. They observed that both heat transfer rate and pressure drop increased with the
use of the coil. They also observed the heat transfer rate further increased with a decrease in the
distance between the tube walls and the coil. They attributed this phenomenon to higher flow
velocity developing near the walls due to the clearance. They argued that this kind of insert is
better than a coil touching the tube walls to avoid contamination, which may reduce heat
transfer. Garcia et al. [25] experimentally studied the heat transfer enhancement by using wire
coil inserts inside the tubes. They used wire coils of three different pitches and performed the
tests in laminar and transition range (Re = 10-2500). They observed that for 200<Re<1000, heat
transfer is increased significantly with the use of wire coils. They suggested that the wire coils
disturbed the flow and decreased the effect of buoyancy forces. They also observed the wire coil
with the largest pitch contributed the least to the augmentation in heat transfer. But for flows
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with Re<200, no device was able to enhance heat transfer because of the dominance of natural
convection. Garcia et al. [26] investigated the performance of wire coil inserts as a heat transfer
augmenting device in circular tubes and found that wire coil inserts performed the best in the
transitional flow regime. They also noticed that wire coil inserts contribute to the transition from
laminar to turbulent flow. Sarada et al. [27] numerically studied heat transfer augmentation by
using mesh inserts inside a circular tube. They used air as fluid inside the tube and covered a
Reynolds range from 7000 to 14000. They observed that an increase in Reynolds number and
ratio of porous material led to an increase in the Nusselt number. They argued that with the mesh
insert, mixing of the fluid occurs rapidly due to increased obstruction. Durmus et al. [28] tested a
heat exchanger with a snail entrance. They experimented with a concentric heat exchanger with
air in the inner tube while hot water in the annulus. The purpose of the snail was to create a swirl
in the flow so as to improve mixing and therefore increase the heat transfer. They found that the
Nusselt number was increased significantly with the use of swirl generator or snail entrance.
They also observed that heat transfer increased with an increase in the swirling angle and heat
transfer augmentation was as high as 160-185% with the highest swirling angle of 750.

1.3 Motivation
As discussed earlier, there is an urgent need to improve the performance of renewable energy
systems to increase their competitiveness against the conventional fossil fuel-based energy
systems. Solar water heating systems is one of the commercialized renewable technologies,
however, efforts are still needed to improve their performance. Solar water heaters is an active
area of research and several studies have investigated the thermal performance of solar water
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heaters. However, one key aspect which still lacks fundamental understanding the thermo-fluid
processes inside the collector tube, which is the heart of the system where the actual transfer to
the working fluid takes place. Very limited work has been conducted to investigate the thermofluid process inside the collector tube. To the best of our knowledge, the only notable work
conducted in this area was an experimental study by Sookdeo and Siddiqui [8], who measured
the velocity field inside the collector tube and the numerical study of Ouzzane & Galanis[19]
who studied the flow in inclined tubes with fins. The better understanding of the thermo-fluid
process inside the collector tube is vital to develop effective ways to enhance heat transfer.
Several studies have reported the enhancement of heat transfer using insert devices in the tube.
These studies mostly considered one type of the insert device and studied its performance. There
is a need for a comprehensive and systematic investigation of different types of inserts to
indentify the best insert types. Furthermore, in the previous studies, the impact of insert was
tested only for the horizontal tubes. As the solar collectors are installed with the tilt angle equal
to the local latitude, it is important to investigate the performance of these inserts in the tilted
collectors.

1.4 Objectives
The objectives of the present research is,
1. To investigate the temperature field inside the flat-plate collector tube
2. To conduct a systematic and comprehensive investigation of the performance of various
insert types inside the flat-plate collector tube
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1.5 Methodology
The above objectives are met through an experimental study conducted in a laboratory
environment using a real flat-plate solar collector. The experiments were conducted over a range
of Reynolds number from 200 to 8000, for three tilt angles of the collector: 0˚, 30˚ and 45˚ at
three different incident radiant heat flux conditions. Various insert device configurations were
tested including some novel configurations.

1.6 Thesis layout
The layout of the thesis as follows: Chapter 1 is the introduction discussing the background and
the motivation for the present research. Chapter 2 presents the detailed investigation of the
temperature field inside the collector tube. Chapter 3 deals with the comprehensive investigation
of the performance of various insert devices in the flat-plate collector tube. The main results are
concluded in Chapter 4 along with some future recommendations.
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Nomenclature (Chapter-2)
Ac
curved surface area of collector tube (m2)
Aₓ
cross sectional area of the collector tube (m2)
Cp
specific heat of working fluid (J/kgK)
D
inner diameter of the collector tube (m)
F
volumetric flow rate (m3/s)
g
acceleration due to gravity (m2/s)
Gr
Grashof Number
ṁ
mass flow rate (kg/s)
kf
fluid thermal conductivity (W/mk)
L
total length of the heat absorbing area (m)
Nu
Local Nusselt number
Pr
Prandtl number
Ra
LocalRayleigh number
Re
Local Reynolds number
q"
wall heat flux (W/m2)
heat transfer rate (J/s)
V
axial fluid velocity (m/s)
Tp
Panel heater temperature
Tf
Local mean fluid temperature
Tf(th)
Theoretical local fluid temperature for a round tube with uniform heat flux
Tw
Local mean wall temperature
x
A variable vector along the tube axis lying within the absorbing region and
starting from the inlet towards the outlet
μ
dynamic viscosity (kg/ms)
ρ
density of fluid (kg/m3)
θ
angle of inclination of the collector (˚)
Subscripts
1
2
f
h
i
m
o
w

1st position (cross section of the tube at x= L/2)
2nd position (cross section of the tube at x= 3L/4)
bulk fluid
heater
inlet
mean
outlet
tube wall
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Nomenclature (Chapter-3)
Ac
surface area of collector tube (m2)
Cp
specific heat of working fluid (J/kgK)
C-1
Simple coil (touching the tube wall)
C-2
Coil away from the tube wall
C-3
Concentric coils type insert
C-4
Conical coil insert
D
inner diameter of the collector tube (m)
f
Dimensionless friction factor
g
acceleration due to gravity (m2/s)
Gr
Grashof number
Gz
Graetz number
h
twist pitch of a twisted tape
k
thermal conductivity (W/mk)
L
total length of the collector (m)
mass flow rate (kg/s)
Nu
Nusselt number
Num
modified Nusselt number
NuG
Gnielinski Nusselt number for turbulent flow in a pipe
NuCO
Churchill and Ozoe Nusselt number for laminar flow in a pipe
p
pitch of the coils (m)
Pr
Prandtl number
q"
wall heat flux (W/m2)
heat transfer rate (J/s)
Ra
Rayleigh number
Re
Reynolds number
Ri
Richardson number
T
temperature (˚C)
TT1
twisted tape with shortest pitch
TT2
twisted tape with medium pitch
TT3
twisted tape with longest pitch
x
length of the collector measured from inlet (m)
Y
pitch ratio of the twisted tape
β
volumetric thermal expansion coefficient (k-1)
μ
dynamic viscosity (kg/ms)
ν
kinematic viscosity (m2/s)
ρ
density of fluid (kg/m3)
θ
angle of inclination of the collector (˚)
Subscripts
f
i
m
o
w

bulk fluid
inlet
mean
outlet
tube wall
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Chapter 2

Investigation of the fluid temperature field inside flat-plate collector
tube

2.1 Abstract
An experimental study was conducted to investigate fluid temperature fields inside a flat-plate
solar collector tube. The results show the highest fluid temperature at the upper end of the tube
which decreased gradually to the lowest value at the bottom end of the tube, whereas, the
temperature field in the horizontal plane is symmetric about the centerline. The vertical
temperature gradients vary with the axial distance. The local fluid temperature increased
nonlinearly along the collector length and its magnitude decreased with an increase in the
Reynolds number. The local Rayleigh number increased with the axial distance and at a given
location, its magnitude increased with a decrease in the Reynolds number, whereas, the local
Nusselt number trends in flat-plate collector tube are in general similar to that in the
conventional laminar channel flows. The local fluid temperature increased with an increase in the
incident heat flux at a given collector orientation but decreased for the inclined collectors. The
results show that over the given Reynolds number range, the fluid in a flat-plate collector tube is
stably stratified over most of the fluid cross-sectional domain and the convective currents are
suppressed and restricted to a thin layer adjacent to the lower tube wall. The results from the
present study provide the physical explanation for the heat transfer enhancement by insert
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devices. That is, the insert devices disrupt the stably stratified layer and induce mixing which
enhances the heat transfer.

Key words: Flat-plate solar collector; collector fluid temperature fields; stratified flow; local
flow properties; inclined collector.

2.2 Introduction
Due to the rising cost of fossil fuels and their detrimental effects on the environment, there is a
growing demand to utilize clean renewable energy sources. Among renewable energies, solar
energy has the highest potential to meet the growing energy demand. Solar energy can be
collected and converted into other forms of energy such as thermal energy, electricity, and
chemical energy. The only solar thermal conversion technology that is relatively mature and
commercially implemented is the solar water heating systems. In such systems, the collected
solar energy is converted into thermal energy which is then used to heat utility water for
domestic and light commercial applications. Collector is the core component of any solar water
heating system, where the solar thermal energy is transferred to the working fluid. One of the
most common types of collectors in use these days is the flat plate solar collector in which two
fins are attached to the fluid-carrying tube to collect heat and transfer it to the tube. A flat plate
collector uses direct as well as diffuse solar energy. Furthermore, these collectors are relatively
low cost and require little maintenance.
As mentioned earlier, the collection and conversion of solar energy into heat and its transfer to
the working fluid takes place inside the collector tube. Thus, the efficiency of the entire solar
thermal system is primarily dependent on the thermal efficiency of the collector. Hence a better
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knowledge of the flow and temperature fields inside the collector tube is vital to improve our
understanding of the process of heat transfer from the collector tube to the working fluid.
In flat-plate solar collectors, the flow rates are kept very low to maximize the temperature rise of
the working fluid. Hence, the mode of heat transfer to the working fluid is mixed convection
where both the forced convection (shear-driven) and free convection (buoyancy-driven) modes
are present. Furthermore, the collector tube is exposed to non-uniform heating, i.e. the incident
radiant heat flux at the upper surface and temperature hot spots at the joints of the collector
plates on each side of the tube. This non-uniform thermal boundary condition significantly alters
the velocity field inside the collector tube.
Sookdeo and Siddiqui [1] studied the velocity field inside a flat plate collector tube using particle
image velocimetry (PIV) technique at different incident radiant heat fluxes over a range of
Reynolds numbers. They observed an asymmetry in the mean velocity profiles due to the nonuniform heating on the tube wall. They argued that the heat transfer due to the direct incident
radiant heat flux on the upper tube wall induces stably stratified fluid layer in the upper section
of the tube while, the circumferentially conducted heat through the tube wall to the bottom forms
the unstably stratified fluid layer in the lower section of the collector tube. They further argued
that the amount of heat transfer to the working fluid in the stably stratified layer is lower than
that in the unstably stratified layer.
William [2] argued that for better thermal performance, the flow distribution should be uniform
throughout the collector length. Fan and Furbo [3] numerically and experimentally studied the
effects of buoyancy on the performance of a solar collector. They modelled the manifolds and
the absorber strips using FLUENT software and experimentally measured the temperature at the
back surface of the absorber tubes. They observed a good agreement between the experimental
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and numerical results. They found that at small flow rates, buoyancy effects become prominent
due to dominant natural convection which force the fluid to rise along the circumference of the
tube and hence the warmer fluid is restricted to the upper part of the collector tube while the
colder fluid settles in the lower part.
Fan et al. [4] experimentally and numerically studied the flow distribution in a flat-plate solar
collector panel at different flow rates and tilt angles of the collector and observed that the
buoyancy effects becomes stronger with a decrease in the flow rate. They also argued that the
angle of inclination affects the flow distribution greatly at lower flow rates but not at higher flow
rates.
Several studies considered simple configuration of a circular tube to study mixed convection
inside the tube. Mohammed and Salman [5] experimentally studied mixed convection inside a
horizontal cylindrical tube for developing and fully developed laminar flow. They used air as the
working fluid and found that the local wall temperatures increased as the flow rate decreased.
They also observed that free convection effects lead to a reduction in heat transfer at low flow
rates. Some studies were focused on the mixed convection laminar flow and the tube inclination
effects on heat transfer [6-8]. A common observation in these studies was that the inclination
influences the buoyancy-induced flow, and thus affects the local flow distribution. Iqbal and
Stachiewicz [6] and Orfi and Galanis [7] reported an increase in the local heat transfer
coefficient with an increase in the tube inclination angle, while Barozzi et al. [8] observed
opposite trend i.e. the reduction in the heat transfer rate with an increase in the tube inclination
angle. Ouzzane and Galanis [9] numerically studied mixed convection in an inclined tube with
external longitudinal fins (similar to a flat plate solar collector) and concluded that the external
fins have considerable influence on the buoyancy as well as heat transfer in the tube.
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As the above literature review shows, very limited work has been conducted on the investigation
of the thermo-fluid process inside the flat-plate collector tube. Although Sookdeo and Siddiqui
[1] have reported detailed measurements of the mean velocity field inside the collector tube, to
the best of authors’ knowledge, no study has reported the detailed investigation of the fluid
temperature field inside the flat-plate collector tube and the parameters that influences it. The
knowledge of this temperature field is vital to understand the fundamental heat transfer process
inside the collector tube, which is necessary in order to develop effective ways to improve the
collector heat transfer rate.
The present study is focused on conducting a detailed experimental investigation of the
temperature field inside the collector tube. The specific focus is on studying the influence of flow
rate, incident heat flux and collector inclination angle on the local temperature fields as well as
the thermal development of the flow in the collector tube.

2.3 Experimental setup
The experiments were conducted in a laboratory environment using water as the working fluid.
The experimental setup is shown in Fig. 1. The description of the main system components is
provided below:

2.3.1 Solar Collector: A single-tube flat-plate solar collector made of commercial copper was
used in this study. The collector area was about 915×155 mm2. The collector was formed by
making a groove in the middle of the copper plate along its length and by attaching the tube to
that groove via soldering. The thickness of the plate was around 1.1 mm. The outer and inner
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diameters of the tube were 16 mm and 13.38 mm, respectively. Thurmalox solar coating was
used to increase the absorptivity of the collector.

2.3.2 The thermocouple rake assembly: The fluid temperature inside the tube was measured at
nine locations in a cross-sectional plane using a rake of thermocouples. The complete rake
assembly is shown in Fig. 2. It comprised of two rakes made by carefully bending stainless steel
wire and attaching legs made of the same stainless steel wire. One rake has four legs and the
other has five legs (see Fig. 2). All pieces were attached using epoxy adhesive maintaining an
equal distance of 3.3 mm between the legs. The configuration of the rake with respect to the tube
diameter is shown in Fig. 3. The rake was attached to the inner side of a thin cylinder whose
outer diameter was slightly smaller than the inner diameter of the collector tube so that it could
easily slide inside the collector tube. The other end of the cylinder was attached to a long thin
steel tube using two metallic legs (see Fig. 2). The outer diameter of this tube was about 4.8 mm
and its thickness was 0.5 mm. Nine thermocouples were passed through the tube from the free
end and were taken out at the other end and attached to the legs of the rake. The thermocouples
were bent carefully so that their tips became collinear with the respective leg of the rake.

2.3.3 Panel heater: An Omega QF 063610 radiant panel heater (2160 W at 240 V) was used as
the radiant heat source. The radiating area of the heater was the same as the absorbing area of the
collector. In order to control the temperature of the heater, a Zesta ZEL-9100 PID controller was
used. A K-type thermocouple was used to provide feedback from the heater surface to the
controller. The accuracy of the controller is ± 0.1 oC.
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2.3.4 The support frame: A wooden frame was build to support the collector and the heater (see
Fig. 4). The function of the frame was to hold the heater and the collector at various inclination
angles. It had the provision for adjusting the inclination angle with the help of two hinge joints.
The system could be locked after selecting a particular angle. The structure was designed in such
a way that at any given inclination, the collector and the heater remained parallel and separated
by a distance of 25 mm.
2.3.5 Temperature sensors: The thermocouples used in the rake were K-type thermocouples:
Omega 5TC-GG-K-36-72. Two thermistors (TJ 72–44033) with an accuracy of ±0.1˚C were also
used to measure the bulk water temperatures at the inlet and outlet of the collector due to their
better sensitivity. The accuracy of the thermocouples was ±0.4 oC and the response time in still air
was 1 sec (for 63.2% of the change).

2.3.6 Measurement locations inside and on the collector: The locations of temperature
measurements inside the collector are shown in Fig. 3. As discussed earlier, 9 thermocouples
were attached to the rake to measure the fluid temperature in a given tube cross-section
horizontally and vertically. A reference coordinate system was considered to ensure consistency
of the rake orientation for different experimental runs (see Fig. 3). The rake assembly has the
capability to move axially along the collector tube. This allowed to measure the fluid
temperature at various cross-sections along the tube length. The tube surface temperature was
also measured at three axial locations, x/L =0.3, 0.5 and 0.8, where L is the length of the collector
and x is measured from the upstream end of the tube. These locations were selected in such a
way to cover the tube wall temperature variations over the extent of the collector tube. Four
thermocouples were employed at each location on the tube surface 90o apart. Note that due to
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some experimental difficulties, the surface temperatures were measured only for the horizontal
orientation of the collector.

2.3.7 Calibration: All thermocouples were calibrated by placing them in an insulated hot water bath
along with a high accuracy thermometer (Kessler-2150, 76 mm immersion, range -36 to 54oC)

which was used as the reference. The water in the bath was allowed to cool down and data was
recorded at different bath temperatures. Calibration equations were obtained for all the thermocouples and
were incorporated in the LabView program to obtain corrected temperature data. All the calibration

curves provided almost linear relationships with very small bias errors.

2.3.8 Insulation: Reflectix R-4 and glass wool insulations were used to insulate the collector and
heater to minimize heat loss to the surrounding. The insulation has three layers i.e. the layer of
glass wool was sandwiched between two layers of Reflectix. The three-layered insulation was
wrapped around the collector and the heater. The system was insulated from all the sides
including inlet and outlet. Pipe insulation was used to insulate pipe fittings at the ends of the
collector.

2.3.9 Data Acquisition System and Labview: A National Instruments data acquisition system
(SCXI-1000) was used for acquiring data from the sensors. It has a data acquisition card (PCI6036E), a signal conditioner (SCXI-1102) and a terminal block (SXCI-1303). The data was
acquired via LabView software.

2.3.10 Experimental conditions and procedure: In order to maintain the accuracy of the flow,
two flow meters were used before the inlet. Water from the water supply first passed through the
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high range rotameter (Omega FL 4205 controlled with an external valve) and then through low
range rotameter (Omega FL-1448-G). The purpose of using the high range flow meter was to
minimize pressure fluctuations at the low range flow meter to improve its accuracy.
The experimental procedure is described as follows: The flow rate was set first and then the
heater was turned on and the PID controller was set at the desired temperature. The system was
allowed to reach a steady state. The data acquisition system was turned on and the temperature
measurements were begun when the rake was at position 1 (see Fig. 3). The angular position of
the rake was also corrected using the reference scale to ensure that the thermocouples in the rake
are positioned horizontally and vertically. Measurements were made at 11 axial locations along
the collector tube length (see Fig. 3), by moving the rake outwards. The flow rate was changed
and the procedure was repeated. Experiments were conducted at three collector inclination
angles of 0˚, 30˚ and 45˚. At each inclination angle, the experiments were conducted at three
heater temperatures of 250˚C, 275˚C and 300˚C. At each inclination angle and heat temperature,
data was recorded at six different flow rates, which were 0.027, 0.037, 0.047, 0.056, 0.067 and
0.078 gpm. For reference, the corresponding Reynolds number based on no heating condition
ranged from 250 to 620. Thus, 54 experimental runs were conducted at different conditions.
2.4 Data Reduction:
The data obtained from the experiments was processed using Matlab software. The timeaveraged values of the temperature were used to calculate various dimensionless parameters such
as Nusselt number, Reynolds number, and Rayleigh number. The overall rate of heat transfer
was calculated as:
= ṁCp( Tf,o – Tf,i)

,

(1)
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where ṁ is the mass flow rate, and Tf,o , Tf,i are the bulk fluid temperatures at the collector outlet
and inlet, respectively.
Dimensionless parameters were computed as [10]:
Grashof number:
Prandtl number:
Rayleigh number:

Gr = gβ(Tw,m – Tf,m)D3/ν2
Pr = Cp.μ/k

(2)
(3)

Ra = Gr.Pr

(4)

Nusselt number was estimated using the following correlation:
Nu= (μw/μf)0.14 q"D/(Tw,m – Tf,m)kf

(5)

where, (μw/μf)0.14 is the property ratio used for correcting the varying fluid properties for fluid
being heated or cooled [11].
The local mean temperature at a given axial location was computed by spatially averaging all
nine temperature measurements at that location. Similarly, the local mean surface temperature
was obtained by averaging the surface temperature data from four thermocouples at that axial
location.

2.5 Results
As mentioned in the introduction section, the temperature field inside the flat-plate collector tube
has not been studied in detail previously. The temperature data at nine spatial locations in a
cross-sectional plane in the present work allows to study the cross-sectional temperature field
and how it varies with the axial distance. Fig. 5 shows the temperature colormaps in the crosssectional plane at different axial positions along the collector length at Re = 250 and the panel
heater temperature (Tp) of 250oC. As expected, at any radial location, the fluid temperature
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increased along the length of the collector tube. The results show that in a given cross-sectional
plane, the fluid temperature is not uniform i.e. the highest temperature is observed near the upper
end of the tube, while the bottom end of the tube has the lowest temperature. The fluid
temperature in the sides lied in between the two extreme values. The highest fluid temperature
near the upper end of the tube could be due to the following possible reason. As mentioned in the
experimental setup section, the upper end of the tube was attached to the collector plate (see
Fig. 3), thus, the heat incident on the collector plate was conducted through the joint to the upper
side of the tube. Heat was then transferred to directly to the fluid in the upper section of the tube
as well as conducted circumferentially through the tube wall to the lower end. The tube wall
temperature measurements show that the wall temperature remained high near the upper end of
the tube resulting in the higher fluid temperature in the upper side of the tube. Comparisons of
the fluid temperatures near the tube wall with the corresponding wall temperatures show that the
wall temperatures are higher than the near-wall fluid temperatures. Although the temperatures
are measured at four circumferential locations, which cover the extreme upper and lower ends,
the consistent trends at all four locations indicate that the local wall temperatures are higher than
the local near-wall fluid temperatures along the entire tube circumference. Thus, the higher wall
temperatures in the upper half of the tube maintain the stably stratified flow, while the higher
wall temperatures in the lower half of the tube induce convective motions due to unstable
stratification.
The stably stratified fluid maintains temperature gradients and hence density gradients, whereas,
the unstably stratified fluid minimizes these gradients by inducing mixing. Thus, the presence of
relatively uniform temperature field in the vertical plane indicates the extent of convective
mixing. The results in Fig. 5 show that at any given cross-section, the temperature decreased
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gradually from the top to the bottom of the tube, which indicates that the flow is primarily stably
stratified in the cross-sectional planes throughout the collector tube length. The stably stratified
fluid layer dampens any convective movement thus, prevents mixing and hence reduces the
effective heat transfer within the fluid domain i.e. the heat transfer from the upper fluid layer to
the lower fluid layer is primarily due to conduction rather than convective currents. The absence
of relatively uniform temperature field in the vertical plane indicates that the convective motions
induced by the wall heating in the lower section of the tube were restricted to very thin layer near
the lower tube wall section.
The plot also shows that the fluid temperature is not uniform at the exit of the collector. There is
almost 10oC temperature difference between the fluid in the upper and lower sections of the tube.
As mentioned above, the formation of the stably stratified fluid layer prevents the formation of
strong convective currents, which affects the heat transfer. It should be noted that in any practical
setup, only the upper surface of collector is exposed to the heat flux and hence, the formation of
the stably stratified layer in the collector tube is natural, and hence, the inefficient heat transfer is
unavoidable. Therefore, other means such as inserts are used to mechanically induce mixing
within the collector tube to enhance heat transfer.
Fig. 6 presents the temperature data of Fig. 5 in x-z and x-y planes for a better perception of the
development of the thermal field in the collector tube. The results show that immediately
downstream of the collector inlet, the temperature rise of the fluid is almost negligible. With an
increase in the distance, the fluid temperature near the upper end of the tube starts to rise first. As
mentioned above, the higher heat flux in the upper section of the tube is the reason for this
temperature rise. This observation is consistent with Duffie and Beckman [12], who argued that
the heat transfer begins at the location of the absorber area and that the mean fluid temperature
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rises along the tube length. With an increase in the axial distance, the fluid temperature rise
propagates downward in the vertical plane. The temperature data in the horizontal plane shows
almost symmetric behavior about the centerline of the tube. Results also show that at a given
axial location, the fluid temperatures near the channel centreline are slightly higher than those
away from the tube center in particular near the tube exit. The temperature gradients in the
vertical plane also vary with the axial distance. That is, the temperature gradients are strongest in
the upper section of the tube near the collector inlet, while the temperature gradients are stronger
in the lower section of the tube near the collector exit.
Fig. 7 shows the fluid temperature variations in the cross-sectional planes inside the collector at
the highest Reynolds number, i.e. 620 at the panel heater temperature (T p) of 250oC. It is seen
that the temperature of the fluid begins to rise further downstream compared to the low Reynolds
number case. But the trend of heat transfer is similar in the two cases as the fluid volume near the
upper tube wall becomes warmer as compared to that at other locations. This indicates that at any
flow rate inside the collector, heat transfer takes place primarily through the upper surface of the
collector. Fig. 8 represents the same temperature data as in Fig. 7, in x-y and y-z planes to see the
impact of flow rate on vertical and horizontal temperature profiles. It is observed that the rate of
increase in fluid temperature along axial direction and radial direction (bottom to top) is lesser in
this case as compared to that at the lower Reynolds number, as expected. An average difference
of 20˚C is observed among both the cases. When flow rate increases, the dominance of forced
convection increases and the influence of natural convection diminishes. A symmetric behavior
of the temperature data about the centerline of the tube in the horizontal plane is clearly evident
in the figure.
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The trends observed in Figs. 5-8 are similar indicating that in this Reynolds number range, the
trend of the thermal development of the flow is similar however, the temperature magnitude
decreases with an increase in the Reynolds number. Similar trends are also observed at all other
cases. The results presented in Figs. 5-8 provide a perception of the structure of temperature field
inside a flat-plate collector tube at any particular flow rate, incident radiant heat flux and the
inclination angle. In the following, the quantitative assessment of the impact of various
parameters is presented.
The Reynolds number in a circular tube depends on the tube diameter, mean fluid velocity and
kinematic viscosity of the fluid. For a given tube at a particular flow rate of an incompressible
fluid, the Reynolds number varies inversely with the kinematic viscosity. Since the fluid
viscosity is a strong function of fluid temperature, the Reynolds number of a heating or cooling
fluid varies along the tube length. The temperature data at various axial locations along the
collector tube in the present study allows to investigate the trend of the Reynolds number
variation along the flat-plate collector. The local Reynolds number is plotted in Fig. 9 at various
flow rates for the panel heater temperature of 250 oC. The kinematic viscosity was computed
based on the average fluid temperature at the given cross-section. As the viscosity of water
decreases with an increase in the temperature, the Reynolds number increased along the collector
length. The plot also shows that the increase in the Reynolds number along the collector length is
not linear. That is, the increase in Reynolds number is lower near the collector entrance and exit,
and higher in the middle section of the collector. This trend is consistent at all flow rates. The
results also show that the percentage increase in Reynolds number is higher at the lower flow
rate compared to the higher flow rate. For the case in Fig. 9, the Reynolds number at the lowest
flow rate is increased by almost 70% while, at the highest flow rate, the Reynolds number
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increased by about 35%. This indicates that in the flat-plate collector, the viscous effects reduce
at a faster rate at lower flow rates.
The trends of local Reynolds number are governed by the local variations in the fluid
temperature at different flow rates, which is depicted in Fig. 10 at the same condition as in Fig. 5.
Note that the local temperature is obtained by averaging the fluid temperatures in the given
cross-sectional plane. The Reynolds number values are averaged over the collector length. The
plot shows as expected, the highest temperature rise at the lowest Reynolds number. Results also
show that the increase in the local fluid temperature with the axial distance is not linear. That is,
near the inlet and exit sections, the local fluid temperature increased slowly, but it increased
faster in the middle section of the collector tube. This is due to the reason that the fluid
temperature near the inlet section starts to increase only near the upper end of the tube, while in
the middle and lower sections, the temperature remains almost uniform (see Figs. 5 and 6).
Thus, the overall increase in the local temperature remains very small. With an increase in the
axial distance, temperature starts to increase throughout the cross-sectional plane. However, near
the collector exit, the fluid temperature in the upper section of the tube remains almost
unchanged (see Figs. 5 and 6), as a result, the overall increase in the fluid temperature becomes
smaller. Fig. 10 also shows that the increase in the local fluid temperature with respect of the
axial distance becomes larger with a decrease in the Reynolds number. Furthermore, the rise in
the fluid temperature over the collector length increases nonlinearly with a decrease in the
Reynolds number. For example, at the lowest Reynolds number (Re=250), the fluid temperature
increased by 147%, and as the Reynolds number increased by 54% (Re= 385) relative to the
Re=250, the fluid temperature rise decreased by 40%, while an increase in the Reynolds number
by 15% (Re=443) relative to the Re=385, the fluid temperature rise reduced by 20%, and a
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further increase in the Reynolds number by 17% (Re=518), the fluid temperature rise reduced by
17%. That is, as the Reynolds number increases, the effect of increase in the flow rate is
compensated by an almost equal reduction in the fluid temperature rise. This effect is evident in
the plot of the rate of heat transfer to the water in the collector tube at the same conditions, which
is shown in Fig. 11. The figure shows that the heat transfer rate increased with the Reynolds
number in the lower range but remained almost unchanged in the range 400 < Re < 550. Similar
trends are observed at other conditions.
The heat transfer rate presented in Fig. 11 is based on the overall temperature rise in the
collector. The temperature data obtained inside and on the surface of the collector tube allows to
investigate the variation in the local heat transfer parameters. Note that the surface temperature
measurements were obtained at three axial locations i.e. x/L = 0.3, 0.5 and 0.8 for the horizontal
configuration only and thus, the local heat transfer parameters were computed at these axial
locations. Fig. 12 shows the variation in the local Rayleigh number along the collector length at
different Reynolds numbers. It is observed that the Rayleigh number is of the order of 10 6 at the
three Reynolds numbers and local positions, which indicates that the stratification effects are
significant as expected. The plot shows that at all Reynolds numbers, the Rayleigh number
increased with the axial distance. This indicates that the stratification effects increased with the
distance along the collector length. Comparison of the Rayleigh numbers at different Reynolds
numbers show that the Rayleigh number increases monotonically with a decrease in the
Reynolds number. Furthermore, the percentage increase in the Rayleigh number with the
distance increases with a decrease in the Reynolds number. For example, over the distance
x/L=0.3 and x/L=0.8, the Rayleigh number increased by 25% at Re=620, while at Re=250, the
Rayleigh number increased by 90%.
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The Rayleigh number quantifies the relative contribution of fluid stratification with respect to the
viscous effects. Figs. 5-8 show that the stratification in the tube increases with the distance.
Furthermore, the fluid viscosity decreases along the tube due to the increase in the fluid
temperature (see Fig. 9). Thus, the increase in the Rayleigh number is contributed by both the
increase in the stratification and decrease in the viscosity magnitude with the distance in the
collector tube. The sensitivity of the Rayleigh number to the fluid temperature change is high as
both stratification and viscosity are dependent on the fluid temperature. As Fig. 10 shows, the
fluid temperature changes nonlinearly with the Reynolds number, this effect is further enhanced
for the Rayleigh number as evident in Fig. 12.
The variation of the local Nusselt number along the collector length is shown in Fig. 13.The plot
shows that the Nusselt number remains fairly constant along the collector length at all the three
axial positions. A slight decreasing trend of the Nusselt number is observed in the first half of the
collector tube. In the second half, the Nusselt number continued to increase at all the three
Reynolds numbers. Previous studies have shown that in conventional laminar channel flows, the
Nusselt number decreases along the tube length in the entrance section and then remains almost
constant in the developed flow region of the tube [8]. Nusselt number is the ratio of convective to
conductive heat transfer. In conventional channels, once the flow is developed, the relative
contributions of convective and conductive heat transfer is expected to be the same and hence the
constant Nusselt number. In the flat-plate collector tube, the trends are somewhat different from
that observed in the conventional laminar channel flows. A plausible explanation of these
variations is provided below.
The one of the main differences between the conventional channel flows and the flow in a flatplate collector, as mentioned earlier, is the thermal boundary conditions. The classical channel
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flows are typically exposed to uniform thermal boundary conditions, while, in flat-plate
collectors, the thermal boundary condition is non-uniform due to the higher heat flux on the
upper tube wall as discussed earlier. This induces a stably stratified fluid layer in most of the
tube cross-sectional plane, which reduces the convective currents and increases the conduction
heat transfer. In the lower section of the tube the convective current are present within the fluid
layer near the wall. Therefore, the trend of local Nusselt number variation is highly dependent on
the strength of the stably stratified layer and the convective current layer. The results in Fig. 13
show that in the second half of the collector, Nusselt number increases at a lower rate at low
Reynolds number compared to that at the high Reynolds number. The earlier results have
indicated that the stable stratification effects are strongest at the lowest Reynolds number and
hence a higher magnitude of conduction heat transfer. Therefore, the increase in Nusselt number
is relatively small at the lower Reynolds number. As the Reynolds number increases, the strength
of stratification becomes weaker and hence the magnitude of conduction heat transfer decreases.
This results in an increase in the Nusselt number. Mohammed and Salman [5] also observed an
increase in the Nusselt number with an increase in Reynolds number in the second half of the
tube under constant heat flux condition. It should be noted that these variation are relatively
small. Thus, it can be concluded that the Nusselt number trends in flat-plate collector tube are in
general similar to that in the conventional laminar channel flows. However, some variations are
observed due to the change in the relative strength of the stably stratified layer.
In the preceding section, the results are presented at a given temperature of the radiant panel
heater. As mentioned in the experimental setup section, the experiments were conducted at three
panel heater temperatures to investigate the influence of incident radiant heat flux on the
collector temperature field. Fig. 14 shows the temperature color maps in the vertical mid-plane of
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the collector for three heater temperatures at the Reynolds number of 250. Overall, the
temperature maps show similar trend of the temperature variation in the vertical direction as well
as along the collector length. At a given location, the fluid temperature in general, increased with
an increase in the incident heat flux, as expected. The corresponding local fluid temperatures
averaged at a given cross-section are plotted against the collector length in Fig. 15. As expected,
the local fluid temperature increased with an increase in the incident heat flux. The local fluid
temperature trends are similar at all incident heat flux conditions. These trends are already
discussed in Fig. 9.
Fig. 16 shows the color maps of the temperature field in the x-y and x-z planes for three collector
inclinations at the lowest Reynolds number of 250 and the heater temperature of 250 oC. The
figure shows that for the inclined channels, the temperature gradients are lower, which indicates
better mixing of the fluid. The better mixing of the fluid for the inclined collectors could be due
to two factors. First is the increase in the extent of the buoyancy-induced secondary flow since
the buoyancy-acts in the direction of gravity i.e. the vertical plane and the extent of the vertical
plane increases with the tube inclination. Second factor could be that due to the tube inclination,
the warm fluid in the upper section of the tube starts to rise, which induces mixing in the stably
stratified layer. Such mixing could not be achieved in the horizontal tube. Figure 17 shows the
color maps of the temperature field at the highest Reynolds number of 620 and the same heater
temperature. The plots show similar trend as in Fig. 16, however, the fluid temperatures are
lower as expected. Figs. 18 and 19 show the variation in the local mean fluid temperature inside
the collector for three inclination angles of the collector (0˚, 30˚ and 45˚) at the lowest and
highest Reynolds numbers respectively. The results show that the local fluid temperature
decreased when the collector was inclined, which is also evident in Figs. 16 and 17. The reason
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for this trend is already discussed above. Fig. 18 shows that except for the entrance section, the
fluid temperature rise in the inclined collectors is almost linear, whereas, the horizontal collector
shows relatively rapid temperature rise in the middle of the collector and minimal temperature
rise near the inlet and the exit. Again, the increased mixing in the inclined collectors could be the
possible reason for the continuous increase in the fluid temperature. These linear trends are not
evident at the highest Reynolds number.
The results in this study provided a better perception of the structure of the fluid temperature
field inside the collector. The results show that the local temperature increment along the channel
axis is almost linear except near the entrance and exit sections. The results also showed the
presence of stably stratified layer in the collector and the strength of stratification increased with
a decrease in the Reynolds number. Several studies have reported the heat transfer enhancement
by using insert devices in the collector tube. The present study provides the physical explanation
for this enhancement. That is, the stably stratified layer suppresses the convective currents and
hence mixing and, the insert devices disrupt this layer and induce mixing which enhances the
heat transfer.
2.6 Conclusion
An experimental investigation of the temperature fields inside a flat-plate collector tube is
conducted. The fluid temperatures were measured at nine locations in cross-sectional planes at
11 axial positions. The results show the highest fluid temperature at the upper end of the
collector tube which decreased gradually to the lowest value at the bottom end of the tube. The
results also show the thermal development of the flow. It is found that soon after the fluid enters
the collector tube, its temperature starts to rise near the upper end and with an increase in the
axial distance, the fluid temperature rise propagates downward in the vertical plane. The
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temperature data in the horizontal plane shows almost symmetric behavior about the centerline
of the tube. The temperature gradients in the vertical plane also vary with the axial distance. That
is, strong temperature gradients in the upper section of the tube near the collector inlet and in the
lower section of the tube near the collector exit. Results also show that the local-average fluid
temperature increased nonlinearly over the collector length and its magnitude decreased with an
increase in the Reynolds number. The local Rayleigh number increased with the axial distance
and at a given location, its magnitude increased with a decrease in the Reynolds number. The
local Nusselt number trends in flat-plate collector tube are in general found to be similar to that
in the conventional laminar channel flows. However, some variations are observed due to the
change in the relative strength of the stably stratified layer. The local fluid temperature increased
with an increase in the incident heat flux, however, the trends are similar at all incident heat flux
conditions. The magnitudes of fluid temperature and temperature gradients are lower for the
inclined channel compared to the horizontal channel due to better mixing of the fluid. The results
show that for the given Reynolds number range, the fluid in a flat-plate collector tube is stably
stratified over most of the fluid domain and the convective currents are suppressed and restricted
to a thin layer adjacent to the lower tube wall. The results from the present study provide the
physical explanation for the heat transfer enhancement by insert devices. That is, the insert
devices disrupt the stably stratified layer and induce mixing which enhances the heat transfer.
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2.8 Figure captions
Figure 1: Experimental setup and water circuit layout
Figure 2: The rake assembly
Figure 3: Locations of thermocouples relative to the collector tube
Figure 4: The supporting frame for the collector and the heater
Figure 5: Temperature colormaps at various cross-sections along the collector length at the
lowest Reynolds number (250), Tp = 250˚C and θ= 0˚. The colorbar is in oC.
Figure 6: Temperature colormaps inside the collector in vertical(x-y) and horizontal(x-z)
planes at the lowest Reynolds number (Re=250), Tp = 250˚C and θ= 0˚. Colorbar
indicates temperature in oC.
Figure 7: Temperature colormaps at various cross-sections along the collector length at the
highest Reynolds number (Re=620), Tp = 250˚C and θ= 0˚. Colorbar indicates
temperature in oC.
Figure 8: Temperature colormaps inside the collector in vertical (x-y) and horizontal(x-z)
planes at the highest Reynolds number (Re =620), Tp = 250˚C and θ= 0˚. Colorbar
indicates temperature in oC.
Figure 9: Variation of the local Reynolds number along the collector length at average
Reynolds numbers of Re= 250 (
Re=518 (+) and Re=620

),

p =250˚C

and θ= 0 ˚.

Figure 10: Local fluid temperatures versus dimensionless axial distance(x/L) at different
Reynolds numbers: Re= 250(

),
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p =250˚C

and θ= 0 ˚

Figure 11: Heat transfer rate versus Reynolds number for Tp = 250˚C and θ= 0˚
Figure 12: Local Reyleigh number versus dimensionless axial distance (x/L) at different
Reynolds numbers Re=250( ) , Re=385(O), and Re=620( ). Tp = 250˚C ,θ= 0˚
Figure 13: Local Nusselt number versus dimensionless axial distance (x/L) at different
Reynolds numbers Re=250( ), Re=385(O), and Re=620( ). Tp = 250˚C, θ= 0˚
Figure 14: Colormaps of the fluid temperature inside the collector in the vertical plane (x-y)
at different panel heater temperatures; Tp= 250˚C, 275˚C and 300˚C at Re= 250
θ= 0˚
Figure 15: Variation of the local fluid temperature along the collector length at different
˚

heater temperatures: Tp

Figure 16: Colormaps of the temperature field in the vertical (x-y) and horizontal (x-z) planes
inside the collector at three different inclinations of the collector: θ= 0˚, 30˚ and
45˚ at Tp= 250˚C and Re= 250.
Figure 17: Colormaps of the temperature field in the vertical (x-y) and horizontal (x-z) planes
inside the collector at three different inclinations of the collector: θ= 0˚, 30˚ and
45˚ at Tp= 250˚C and Re= 620
Figure 18: Variation of the local fluid temperature along the collector length at three
inclination angles of the collector: θ = 0˚( ), 30˚( ) and 45˚( ) at Tp= 250˚C and
Re= 250.
Figure 19: Variation of the local fluid temperature along the collector length at three
inclination angles of the collector: θ = 0˚( ), 30˚( ) and 45˚( ) at Tp= 250˚C,
Re= 620.
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Chapter 3

Experimental study on the combined effects of inclination
angle and insert devices on the performance of a flat-plate
solar collector

3.1 Abstract
Application of heat transfer augmentation techniques (such as insert devices) in flat plate solar
collectors has good prospects as far as preserving the conciseness of the collector is concerned.
So far, some insert devices (e.g. twisted tapes) have been widely tested while others have been
given little importance. We report an experimental study on how different configurations of
insert devices (wire coils and twisted tapes) affect the heat transfer in a flat plate collector at
different inclination angles of the collector and over a Reynolds number range of 200-8000. We
have presented a detailed discussion on the thermal performance of 8 different insert devices and
plausible physical phenomena associated with the use of these devices. The results clearly
indicate that the insert devices significantly increase the heat transfer, especially in transition and
turbulent flow regimes. Coil inside a coil type insert proves to be the best insert among all the
devices tested in this study.
Keywords: Insert devices; flat plate collectors; coil configurations; heat transfer enhancement

3.2 Introduction
Solar energy has gained tremendous attention in recent years due to the adverse
environmental effects caused by greenhouse gas emissions from fossil fuel combustion.
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A significant fraction of the total energy consumed in residential and commercial sectors
in North America and Europe is utilized in water heating. According to a 2004 estimate,
about 23% of the natural gas reserve for the residential consumption was spent for water
heating alone in the United States [1]. Solar water heating is one of the commercialized
renewable energy technologies in use nowadays. The most common type of solar water
heaters consist of flat plate collectors. Many efforts have been made in the past to
improve their performance such as collector insulation, use of heat absorbing coatings,
etc. The absorber area of a flat plate collector is equal to the area receiving the solar
radiation [2] and since maintaining the compactness of the collector is a major
consideration, enhancing the convective heat transfer coefficient may be an alternate way
to increase collector’s efficiency. Various methods that have been employed so far in this
concern can be broadly divided into two categories; active techniques and passive
techniques. Active techniques involve mixing of the fluid by means of external power
such as surface rotation or vibration, application of electrostatic fields, jet impingement,
etc. In contrast, passive modes include usage of fins or extended surfaces, increased
surface roughness or the employment of insert devices of various geometries to intensify
turbulence and hence fluid mixing, and thus, augmenting Nusselt number.
Various geometries of insert devices have been tested in the past. The main inserts used
in the solar collector testing are twisted tapes and wire coils. Twisted tapes induce
tangential velocity component, resulting in an increased flow velocity near the wall,
which increases the shear force on the wall [3]. This increased near wall velocity also
reduces the thickness of the thermal boundary layer and hence increases the heat transfer
rate. Thorsen and Landis [4] argued that the tangential flow component leads to mixing
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of the fluid in the core of the tube with that near the walls, thus enhancing the heat
transfer. However, due to the clearance between the wall of the tube and the twisted tape,
the twisted tape does not act as an extended surface and thus, heat transfer due to
conduction is not significant in this case. Kumar and Prasad [5] studied the effects of
twisted tapes of different pitch ratios in a tube and observed that the use of twisted tapes
can increase the thermal performance of solar water heaters by 30%. They also suggested
that twisted tape collectors show a noteworthy performance at low and moderate
Reynolds numbers. Effect of one, two and three twisted tapes on heat transfer in a tube
was studies by Chang et al [6] for 1500<Re<14000. They found that by increasing the
number of twisted tapes inside the tube, better heat transfer enhancement can be
achieved. Saha and Dutta [7] experimentally studied regularly spaced twisted tape
elements in a circular tube and found that the tube friction factor was significantly less
than that in a smooth tube. Jaisankar et al. [8] performed experiments on solar collectors
with twisted tapes of different twist ratios and reported that a decrease in twist ratio
increases the heat transfer. They concluded that the use of twisted tapes inside solar
collectors can reduce the collector area by 8-24%. Webb [9] argued that twisted tapes
may not be the best insert devices and their wide-scale using is attributed to the lack of
correlations for other insert devices.
Another type of insert device that could enhance heat transfer is wire coil. Garcia et al.
[10] argued that wire coils can enhance heat transfer in two possible ways. They may
create swirl in the flow as in case of twisted tapes. Secondly, separation and reattachment
mechanism of the fluid passing over the coil can create turbulence. Furthermore, a better
physical contact of the coil with the tube wall may also lead to a better conduction
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however, this may not be significant as there is only a line contact between the two. They
used different types of wire coils and found that they perform better than the smooth tube
in laminar to low turbulent flow range. They concluded that the transition range is the
best working range for wire coils where heat transfer can be increased by 200%.
Although the wire coils lead to a reduction in thermal losses but due to increased
frictional losses, they increase the pumping power requirements of the system [11].
Ravigururajan and Bergles [12] argued that the collector tube with wire coils performs
similar to a corrugated tube in the turbulent flow regime and that the flow disturbances
produced near the walls may be a reason for enhanced heat transfer.
Other recognised works on wire coils include that of Shoji et al. [13] who studied the
effect of length and segmentation of wire coils on heat transfer and concluded that the
heat transfer rate enhances with the length of the wire coil inside the tube. AkhavanBehabadi et al. [14] analysed the effect of wire coils on heat transfer in a double pipe
counter flow heat exchanger with engine oil as working fluid. They proposed empirical
correlations to predict the heat transfer enhancement due to these inserts. Garcia et al [15]
tested flat plate solar collectors and observed that wire coils boost the transition from
laminar to turbulent flow.
In addition to these two conventional insert devices, various other geometries have also
been tested in the past. For example, Promvonge [16] experimentally studied an insert
made by combing a wire coil and a twisted tape, and found that this compound insert
doubled the heat transfer performance in the laminar range. Naga et al. [17] used mesh as
an insert device and found that it leads to an augmentation in Nusselt number by more
than two times.
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As seen above, previous studies have tested different geometries of insert devices and
have reported their vital role in enhancing heat transfer. However, there is a scarcity of
studies comparing the performance of these devices. One notable study is of Hobbi and
Siddiqui [18] who considered different insert devices (twisted tapes, wire coils and
conical ridges) inside a flat-plate collector in the horizontal orientation, and compared the
results with a similar collector without inserts. They did not observe any significant heat
transfer enhancement due to these inserts and argued that the radiant heating from the top
of the collector induces stably stratified flow inside the collector tube and the turbulence
produced by the inserts is utilized in working against the buoyancy forces. Thus, the
turbulence generated by these inserts is ineffective in enhancing the heat transfer. It
should be noted that the Rayleigh numbers considered by Hobbi and Siddiqui [18] were
higher than those encountered in solar collectors under normal operating conditions and
therefore, the resulting fluid stratification might be too strong to suppress turbulence.
It should be noted that to the best of our knowledge, none of the previous studies conducted a
thorough investigation of the impact of collector inclination on the performance of the insert
devices. The focus of the present work is to conduct a detailed investigation and comparison of
inserts of various configurations including some novel configurations in horizontal and inclined
collectors, and to quantify their impact on the relative heat transfer enhancement.

3.3 Experimental setup
The experiments were conducted in a laboratory setup. The main components of the
experimental set up consisted of a flat plate solar collector, a radiant panel heater, a PID
controller, temperature sensors (thermocouples and thermistors), data acquisition system, flow
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meters, inlet and outlet pipes, a computer and a wooden frame to hold the solar collector and the
radiant heater at various desired orientations (see Fig. 1). The components and characteristics of
the setup are described as follows:

3.3.1 Solar Collector
The solar collector used in these experiments was flat-plate type and consisted of a single tube.
Its area of exposure was about 0.142 m² with a length of 915 mm and the width of 15.5 mm. The
tube was standard 1/2" commercial copper tube (outer and inner diameters equal to 16 mm and
13.4 mm, respectively). The plate used was 1.1 mm thick and made of copper as well. The tube
was placed in the middle of the plate along its length and pressed. In this way a groove was
formed. The tube was placed in the grove and soldered using lead. The collector was painted
black using Thurmalox solar collector coating spray to maximize surface absorptivity and
minimize surface reflectivity.

3.3.2 Panel heater and PID controller
The radiant panel heater was Omega model QF-063610 (2160 Watts at 240 Volts) and its
dimensions were the same as the solar collector. A PID controller (Zesta ZEL-9100) was used to
control the surface temperature of the panel heater. A type-K (Chromega-Alomega)
thermocouple attached to the panel surface was used as a feedback input to the controller. The
accuracy of the controller is ± 0.1 oC, while the accuracy of the type-K thermocouple is ±0.4˚C.
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3.3.3 The support frame
A wooden structure was built to hold the collector and radiant heater and adjust the inclination
angle as required. The frame comprised of four columns joined with wooden bars near the base
(as shown in Fig. 2). With the help of two hinges (near inlet and outlet) and slotted angles, the
heater and the collector could be set at any inclination between 0o and 45o. Once a position was
chosen for the collector, it could be locked at that particular position using nuts and bolts, and
some wooden supports. The structure was designed in such a way that at any given inclination,
the collector and the heater remained parallel and separated by a distance of 25 mm. In the
present study, inclination angles of 0o, 30o and 45o were considered.

3.3.4 Temperature sensors
Various temperature measuring sensors were used and placed at all critical locations on the
system to properly capture the thermal field. Two different types of temperature sensors were
used; thermocouples and thermistors. Two thermistors (TJ 72–44033) with an accuracy of 0.1˚C
were used to measure the temperature at the inlet and outlet of the collector. Thermistors were
used here because of their better sensitivity as these were two critical points of measurement. In
order to place the thermistors, tapered cylindrical rubber stoppers were used. Each thermistor
was passed through the centre of the stopper by drilling a hole. The line of contact was sealed
using marine silicon to avoid any fluid leakage. K-type thermocouples (Omega 5TC-GG-K-3672) were used to measure various temperatures in the collector. The accuracy of the
thermocouples is ±0.4˚C.
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3.3.5 Positions of thermocouples on the solar collector
Two cross sections were chosen for placing the thermocouples. First position was at the mid
length of the collector and second position was at three-quarters length of the collector (see Fig.
3). At each of these cross sections, eight thermocouples were placed; four thermocouples were
placed around the circumference of the collector tube 90o apart, while the other four
thermocouples were placed on the fins of the collector, two on each fin side aligned with those
on the circumference and equal distance apart (see Fig.3).

3.3.6 Insulation
The collector and heater were insulated to minimize heat loss to the surrounding. Reflectix R-4
and glass wool insulations were used. The insulation was wrapped around the collector and the
heater in three layers; the layer of glass wool was sandwiched between two layers of Reflectix.
The ends were covered with circular caps made from Reflectix. Pipe fittings at the ends of the
solar collector were also insulated using tube pipe insulation.

3.3.7 Data Acquisition System and Labview
For acquiring data from the sensors, a National Instruments data acquisition system (SCXI1000) was used. It comprised of a data acquisition card (PCI-6036E), a signal conditioner
(SCXI-1102) and a terminal block (SXCI-1303). A current source was provided for the
thermistors. The data was acquired via LabView software.
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3.3.8 Inserts
Different types of inserts were considered in this study, which are described below:

3.3.8.1 Twisted tapes:
Three kinds of twisted tapes were tested (see Fig. 4). All three twisted tapes had the same length
(1 m) and same thickness (1mm). Their width was set slightly smaller than the inner diameter of
the collector tube so that they could be easily inserted inside the tube. The main difference
between the three twisted tapes was the number of twists per unit length or the pitch ratio
(Y=h/W), where h is the length of 180˚ twist and W is the width of the tape [5] (see Fig. 4). Note
that the inner tube diameter (D) has been used to calculate the pitch ratio because of the
negligible difference between the tape width and the inner diameter of the collector tube. The
pitch ratios of the three twisted tapes TT1, TT2 and TT3 were 2.62, 4.86 and 6.74, respectively.

3.3.8.2 Coils
Three different coil configurations were considered. The first configuration comprised of a coil
made of 1.7 mm steel wire with the pitch ratio of 0.61 and the outer diameter of 13.35 mm which
allowed the coil to touch the inner surface of the tube when inserted (see Fig. 5). The second
coil configuration comprised of a coil of 10.2 mm outer diameter and pitch ratio of 0.59. The coil
diameter was set smaller than the tube inner diameter to place the coil away from the tube wall.
The coil was made by winding the wire around a cylindrical wooden stick. Small metallic legs
(four legs at each cross-section, separated by 90˚) were attached to the coil at several crosssections by soldering, which served the purpose of keeping the coil concentric with the tube (see
Fig. 6). The third configuration consists of concentric coils, where two coils of different pitch
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ratios and different wire diameter were used. The coil with smaller diameter (8 mm) was inserted
concentrically into the large diameter coil same as the first configuration (see Fig. 7). The fourth
configuration consisted of double conical coil as shown in Fig. 8. Individual conical coil sections
were made by winding a galvanized 1.2 mm thick steel wire around a wooden cone piece. These
coil sections were then attached to each other by applying epoxy adhesive. The pitch of these
springs was approximately 3.125 mm and length of each single conical section was about 70
mm. The total coil length comprised of 13 individual conical sections. Note that the third and
fourth configurations are novel geometries design in this study.

3.3.8.3 Wire mesh:
A thin copper wire mesh was also used as an insert (see Fig. 9). The cross section of this copper
wire was rectangular and was measured to be 0.55mm x 0.005 mm. The wire mesh was inserted
into the tube from the downstream end and visually inspected to ensure that it covered the entire
collector tube length.

3.3.9 Experimental conditions and procedure
Two flow meters (high range and low range) were used in the experiments to cover the entire
flow rate range considered in this study. The low range flow meter (Omega FL-1448-G) covered
the flow rate range up to 0.5 litres/min, while the high range flow meter (Omega FL-4205-V)
covered the flow rate range up to 4 litres/min. The temperature of the panel heater was
maintained at 150°C with the help of a PID controller for all experimental runs.
The procedure for conducting a particular experimental run is as follows. A desired angle of the
collector was set, appropriate insert device was inserted in the collector tube and all the plumbing
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joints were sealed. After turning on the water supply, flow meter was set at the highest flow rate
and the system ran for about 10 minutes to ensure that there were no air bubbles or unwanted
particles inside the collector. Panel heater was turned on and controlled using a PID controller to
get a stable temperature of 150˚C. The system was allowed 1-2 hours to reach an equilibrium
state in case of high range flow rate range and for 2-3 hours for low flow rate range for a
particular insert at a given channel inclination. Once the initial steady state was reached, the
experiments were started from the highest flow rate to the lowest flow rate. Between each flow
rate change, the system was allowed 20 minutes to reach the steady state at that flow rate. The
flow rates considered in this study ranged from 0.1 litres/min to 4 litres/min. For each
experimental run (i.e. at each flow rate), the data was acquired for 2 minutes at a sampling rate of
100 Hz via LabView.
The experiments were conducted with 8 different inserts as described earlier as well as with the
base case of no insert. Three channel inclination angles of 0o, 30o and 45o were considered. Note
that the inlet temperature in this study varied over an average of ±2˚C but it does not
considerably affect the results as the heat transfer was calculated based on the fluid temperature
rise in the collector.

3.3.10 Calibration of Thermocouples
All thermocouples were calibrated and data was corrected according to the equations from the
calibration curves. The calibration was carried out in an insulated water bath. A high accuracy
thermometer (Kessler-2150, 76 mm immersion, range -36 to 54oC) was used as the reference.
The calibration was performed over a temperature range of 50°C to 20 oC with an interval of 5oC.
All the calibration curves provided almost linear relationship with very small bias error.
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3.4 Data reduction
The corrected temperature data was processed using MATAB software. The time-averaged
values of temperature were used for calculating various parameters. The results were obtained
for location 1 and location 2 (See Fig. 3). They were found to be similar for both the locations,
which implies that the flow in the test section was fully developed. Hence this paper includes the
results based on measurements at location 1 only. The rate of heat transfer to water in the
collector tube was obtained as,
= ṁCp( Tf,o – Tf,i)
and wall heat flux was calculated as :
q" = /Ac , where Ac = π DL and fluid velocity was found as
V = F/Ax , where Ax = πD2/4
Following formulae were used to calculate the dimensionless parameters [19]:

Graetz number:

Gz =

Grashof number :

Gr = gβ(Tw,m – Tf,m)D3/ν2

Rayleigh number :

Ra = Gr.Pr

Richardson number :

Ri = gβ/ (Tw,m – Tf,m)V2 or Gr/Re2

Nusselt number :

Nu = q"D/(Tw,m – Tf,m)kf

Modified Nusselt number :

Nu = (μw/μf)0.14 q"D/(Tw,m – Tf,m)kf , where (μw/μf)0.14 is the
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property ratio used for correcting the varying fluid properties for fluid being heated or cooled
[20].
It is to be noted that in this study, modified Nusselt number has been used to assess the heat
transfer enhancement. The correlations for Nusselt number in smooth pipe proposed by Churchill
and Ozoe [21] and Gnielinski [22] are also presented below. The Nusselt number obtained from
these correlations will be used for comparisons.
Correlation proposed by Churchill and Ozoe [21] for laminar flow is,

Nu

=

Correlation propose by Gnielinski [22] for turbulent flow is,

Nu =

where, friction factor, f =

–

, proposed by Petukhov [23]

3.5 Results and discussion:
For the logical and systematic comparison, the results are presented in a specific order as
described below. Results for the reference configuration i.e. the collector with no inserts (smooth
tube) are presented first for the three inclinations. The results for the coil family and twisted tape
family are presented separately and comparisons are made among their respective members to
identify the insert with the best performance in each family. These best inserts from each family
are then compared with the wire mesh insert. This comparison is conducted for the three
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inclinations. This allowed to identify the best insert among all tested inserts. The coil family
consists of four insert devices:
a. Simple coil
b. Coil away from the tube wall
c. Concentric coils
d. Conical coil
The twisted tape family comprises of,
a. Twisted tape 1 (Twisted tape with shortest pitch)
b. Twisted tape 2 (Twisted tape with medium pitch)
c. Twisted tape 3 (Twisted tape with largest pitch)

3.5.1 Comparison of smooth tube results for three inclination angles
Nusselt number is plotted against Reynolds number in Fig. 10 at different collector inclinations.
The plots shows that in the laminar range (200 < Re < 2000), the Nusselt number is weakly
dependent on Reynolds number and remains between 10 and 15. A slight decreasing trend in
Nusselt number is observed with an increase in the Reynolds number in the range 200 < Re <
500 for inclined collectors, while a slight increase in the Nusselt number is observed for the
horizontal collector. The results in the laminar range are compared with those given by Churchill
and Ozoe [21] of a smooth tube with laminar flow and uniform heat flux. It is seen that the
present results for the horizontal tube follow a similar trend but the values of Nusselt number are
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relatively high. This could be due to the difference in thermal boundary conditions in both cases.
While the heat flux was uniform in Churchill and Ozoe [21], in the present study, it was nonuniform due to the presence of two fin-plates as well as the radiant heat source above the
collector. This is confirmed by the differences in the tube wall temperature at different
circumferential locations. This non-uniform heat flux influences the patterns of buoyancyinduced secondary flow and hence the heat transfer. The effect of buoyancy-induced secondary
flow is expected to be more dominant at low Reynolds numbers, where the maximum difference
between the present results and Churchill and Ozoe [21] is observed. This difference decreased
with an increase in the Reynolds number as the inertia effects became more dominant and
subsided buoyancy effects.
The plots shows a sharp increase in the Nusselt number as the Reynolds number exceeded 2000
or in other words in the turbulent flow regime. The Nusselt number based on the Gnielinski
equation for turbulent flows in pipes with the uniform heat flux [22] is also plotted for
comparison in this Reynolds number range. A good agreement between the present results and
Gnielinski equation indicates that the effects of non-uniform boundary condition become
insignificant at high Reynolds numbers. The results in Fig. 10 show that over the entire Reynolds
number range 200 <Re < 8000, the Nusselt number in general, is higher for the inclined channels
and the degree of enhancement increases with a decrease in Reynolds number. As mentioned
earlier, the instability or the secondary flow induced in the collector is primarily due to
buoyancy. The change in the inclination angle influences the path and extent of buoyancyinduced flow patterns. That is, ignoring the bulk fluid movement, at collector’s horizontal
position, the extent of the buoyancy flow is mainly limited to the vertical plane, which is equal to
the cross-sectional area of the collector tube. However, with an increase in the collector
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inclination, the size of the vertical plane increases resulting in the larger extent of the buoyancydriven secondary flow, which results in better overall mixing and hence higher heat transfer
coefficient.
The results at different inclinations in the low Reynolds number range are consistent with that of
Iqbal and Stachiewicz [24] who reported that the Nusselt number increases with an increase in
the tube inclination in the mixed convection mode. However, they differ from those obtained by
Sabbagh et al. [25] and Barozzi et al. [26] who stated that the inclination has negligible effect
on heat transfer rate and can be ignored for practical purposes. Based on the results in Fig. 9, it
can be concluded that the effect of inclination may be ignored for Re > 500.
In Fig. 11, Rayleigh number is plotted versus the Reynolds number. The results show that in
general, the Rayleigh numbers in the low Reynolds number range 200 < Re < 2000 are relatively
high which decreased sharply with an increase in the Reynolds number in the higher range (2000
< Re < 8000). The higher Rayleigh number in the classical laminar flow range indicates that the
buoyancy effects are significant and the heat transfer mode is primarily the mixed convection.
The sharp decrease in Rayleigh number in the higher Reynolds number range implies that the
forced convection is the main heat transfer mode in the turbulent regime as expected. In low
Reynolds number range (200 < Re < 500), the Rayleigh number decreased with an increase in
Reynolds number for the horizontal collector, while increased with Reynolds number for the
inclined collector.
The effect of channel inclination on the Rayleigh number has shown some interesting trends
particularly in the low Reynolds number range. It is observed that the Rayleigh number for
horizontal collector is significantly higher than that for θ = 30˚ and θ = 45˚ inclined collector at

75

the lowest flow rate. As flow rate increases, Rayleigh number for θ = 0˚ starts to decrease while,
the Rayleigh number for the inclined channels begins to rise. The values of Rayleigh number for
the three different inclinations converged in range 700< Re < 2000 and attained almost uniform
values. It should be noted that Rayleigh number for horizontal position of the collector remains
higher than Rayleigh number for other two inclinations. As discussed earlier, the buoyancy
induces flow primarily in the vertical plane. The extent of the vertical plane in the horizontal
collector is shorter than that in the inclined collectors, therefore, the intensity of the buoyancyinduced secondary flow is expected to be higher in the horizontal collector, which is manifested
in the higher values of the Rayleigh number. This consistent trend of channel inclination is not
present in the higher Reynolds number range and the random variation in the Rayleigh number
for different channel inclination angles is likely due to the experimental uncertainties.
In Fig. 12, Richardson number is plotted against Reynolds number for the three inclination
angles. The plot shows that in the low Reynolds number range 200 < Re < 1000, the Richardson
number decreases with an increase in the Reynolds number, and then remains almost constant in
the higher Reynolds number range. Richardson number quantifies the relative contribution of
buoyancy-induced turbulence as compared to the shear-produced turbulence [27]. Therefore, it is
expected that the Richardson number values will increase with a decrease in the Reynolds
number. The effect of channel inclination was insignificant over most of the Reynolds number
range considered in this study. However, the channel inclination effects started to emerge when
Reynolds number become smaller than 500. In this range at a given Reynolds number, it is
observed that the Richardson number decreased with an increase in the channel inclination. A
plausible explanation for this trend is the reduction in the intensity of the buoyancy-induced
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secondary flow with the inclination angle as mentioned above, which would lower the magnitude
of the buoyancy-induced turbulence.

3.5.2 Performance of various coil inserts at different inclinations
The variation of Nusselt number in the collector with the coil family inserts is presented versus
the Reynolds number in Fig. 13 for the horizontal and 30o and 45o channel inclinations. The
results show that for all coil inserts and at all channel inclinations, the Nusselt number remained
almost constant for 200 < Re < 550, but increased with the Reynolds number for Re > 550. This
is consistent with that reported by Garcia [11]. The plots also show that the values of Nusselt
number in the laminar range are in general, slightly lower for horizontal position of the collector.
However, as the Reynolds number reaches the transition or turbulent range, there is no general
trend of the inclination effect. As discussed earlier, these different trends are likely due to
relatively strong effects of the buoyancy-induced secondary flow at low Reynolds numbers due
to weaker inertia effects.
Comparison of Nusselt number values for different coil inserts show that in the Reynolds number
range 550 < Re < 8000, the simple coil touching the tube wall (C-1) and the conical coil (C-4)
have similar Nusselt number values. For the coil in the middle (C-2), the Nusselt number values
are slightly higher than the above-mentioned two coil inserts, while the coil inside a coil
configuration (C-3) has the highest Nusselt number values in the coil inserts family. The
quantitative assessment of the data shows that the in the laminar Reynolds number range (550 <
Re <2000), the Nusselt number values for the C-3 configuration are on average 20% higher than
the configuration C-2 ,10% higher than configurations C-1 and 40% higher than C-4. In the high
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Reynolds number range (2000 < Re < 8000), the Nusselt number values for C-3 configuration
are 27% and 39% higher than configurations C-2 and C-1/C-4, respectively.

3.5.3 Comparison of coil inserts
Figure 14 compares the Nusselt number values of various coil inserts with that for the smooth
tube collector (reference case) for the horizontal collector orientation. The results show that the
Nusselt number values in the laminar Reynolds number range for configurations C-3, C-2, C-1
and C-4 are 110%, 83%, 94% and 60% higher than the reference case, respectively. For the high
Reynolds number range, the Nusselt number enhancements for C-3, C-2, C1/C4 configurations
are 460%, 340% and 270%, respectively. The plausible explanation for this variation in the
Nusselt number values for these inserts is described below.
Configuration C-1 is a coil attached to the inner tube wall (see Fig. 5). Due to the physical
contact with the tube wall, the coil acts as an extended surface and hence increases the heat
transfer surface area. Furthermore, the coil geometry causes an increase in the wall roughness,
which induces flow separation and hence turbulence. Both of these factors contribute to an
increase in the heat transfer rate compared to the collector with no insert, which is evident in
figure 14. Configuration C-4 is a series of conical coils attached in a periodic way (see Fig. 8).
As the physical contact of the coil with the tube inner wall is limited to few locations, the
effective increase in the conduction heat transfer surface area is not significant. However, the
varying diameter of the coil in a periodic manner induces local flow separations at different
radial location throughout the collector tube. This serves as an additional source of turbulence
and hence resulted in heat transfer enhancement relative to the base case. The coil in the middle
(C-2), induces flow disturbance at a particular radial length from the tube center and hence
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enhances the turbulence and heat transfer relative to the base case. Configuration C-1 causes
flow disturbance only at the wall while, the disturbance caused by configuration C-4 varies from
the middle of the tube to the tube wall over the axial length. The higher Nusselt number values
for configuration C-2 compared to configurations C-1 and C-4 indicate that the turbulence
generation away from the wall has relatively better impact on the heat transfer rate.
Configuration C-3 shows the best performance among the coil inserts family. This geometry
comprised of a smaller coil inserted in large coil of configuration C-1. As discussed above, a coil
insert that generates turbulence away from the wall has relatively better performance. The
configuration C-3 combines the advantage of inducing turbulence in the middle and as well as at
the wall and additionally increases the heat transfer surface area. The combination of these
factors collectively enhances the heat transfer rate relative to other coil configurations and the
base configuration.

3.5.4 Performance of twisted tapes at different inclinations
Nusselt number is plotted versus Reynolds number in Fig. 15 to evaluate the performance of
twisted tapes at different channel inclination angles as well as against the base configuration.
Figure 15(a) shows that for the twisted tape with shortest pitch ratio (TT1), the Nusselt number is
almost consistently higher for the inclined channel compared to the horizontal channel over the
given Reynolds number range. The twisted tape with the middle pitch ratio (TT2) showed the
higher Nusselt number values only for the higher inclination angle of 45 o (see Fig, 15b) while,
the twisted tape with the longest pitch ratio (TT3) showed the effect of inclination only at very
low Reynolds numbers (Re < 500), see Fig, 15 (c).

79

Comparison of Nusselt number values for different twisted tape inserts over the given Reynolds
number range shows that TT1 and TT2 has similar magnitudes and trends of the Nusselt
numbers, while configuration TT3 has relatively lower magnitudes of the Nusselt number.
Another noticeable difference is at the low Reynolds number range. TT3 showed no Reynolds
number dependency in the low Reynolds number range, which is consistent with the base case
and coil inserts, However, inserts TT1 and TT2 showed an increase in Nusselt number with the
Reynolds number even in the low Reynolds number range. This behavior is consistent with that
observed by Kumar and Prasad [5].

3.5.5 Comparison of twisted tape inserts
Fig. 16 compares the Nusselt number values of the three twisted tape inserts with that for the
smooth tube collector (reference case) for the horizontal collector orientation. Results show that
the configuration TT3 contributes to the enhancement of heat transfer relative to the base case
only in the middle Reynolds number range. At low and high Reynolds numbers, the Nusselt
number values of configuration TT3 are similar to those of the collector with no insert.
Configurations TT1 and TT2 shows better heat transfer performance compared to the base case
over almost the entire Reynolds number range. The quantitative analysis shows that in
configurations TT1 and TT2, the Nusselt number on average, in the laminar Reynolds number
range is 100% higher than TT3 and the base case, while it is 160% higher in the higher Reynolds
number range. For configuration TT3, the Nusselt number in the middle Reynolds number range
is on average 60% higher than the base case.
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The twisted tape geometry induces swirl or tangential flow velocity which leads to the mixing of
core fluid with the near wall fluid [4]. This mixing is expected to increase the heat transfer
coefficient which is evident in the plots of TT1 and TT2. The magnitude of the swirl or the
tangential velocity depends on the pitch ratio. Smaller pitch ratio provides more number of turns
in a given length and hence is expected to induce stronger swirl. The results somehow show this
effect that the Nusselt number values are relatively small for the largest pitch ratio, however,
they do not indicate a gradual change in the Nusselt number values with a change in the pitch
ratio.

3.5.6

Mesh performance evaluation at three inclination angles

Fig. 17 shows the Nusselt number values when wire mesh was used as the insert for the three
inclination angles. In low Reynolds number range (200 < Re < 1000), Nu for θ = 30˚ and θ =
45˚remain almost the same but higher than that for the tube in the horizontal position. In the high
Reynolds number range, the trends changed substantially. In this range, Nusselt number
remained lowest for θ = 45˚ and highest for θ = 30˚. A careful examination of the trends over the
entire Reynolds number range indicates that the Nusselt number trends for horizontal and 30˚
collectors are reasonably consistent. However, the Nusselt number trend for the 45˚ collector
showed a different trend i.e. the increase in Nusselt number with Reynolds number is not as high
as for the other two collector positions, particularly in the higher range of Reynolds number. All
three sets of experiments at different collector inclinations were conducted in a consecutive
manner and the wire mesh remained the same during these experiments, therefore, it is unlikely
that it is caused by an experimental error. This issue is under further investigation.
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3.5.7 Comparison of the best insert among coil and twisted tape families with the Mesh and the
Smooth tube
Figure 18 compares Nusselt number values of the best coil insert (i.e. coil within a coil,
configuration C-3), best twisted tape insert (i.e. twisted tape with shortest pitch ratio,
configuration TT1) with the mesh insert and the reference no insert cases for the horizontal
orientation of the collector. The plot shows that in the laminar Reynolds number range, the
Nusselt number is highest for the mesh insert, while it has almost same magnitude for C-3 and
TT1. At the lowest Reynolds number of 200, the Nusselt number values are approximately the
same with and without an insert, however, the enhancement of Nusselt number emerged with an
increase in the Reynolds number. It is observed that in the laminar Reynolds number range, with
respect to the no insert reference case, the Nusselt number is on average, 270% higher for the
mesh insert, 110% higher for the C-3 insert and 120% higher for the TT1 insert.
An inspection of the Nusselt number trends of these inserts over the entire Reynolds number
range show that for each insert, Nusselt number has different Reynolds number dependency. The
strongest Reynolds number dependency is observed for the coil insert, while the least Reynolds
number dependency is observed for the twisted tape insert. As a result, the Nusselt number
enhanced most rapidly with the coil insert (C-3) with an increase in the Reynolds number and
hence, in the turbulent Reynolds number range, the Nusselt number for the coil insert was
highest among the three inserts. Results show that with respect to the no insert reference case, the
Nusselt number in the turbulent range is on average, 460% higher for the C-3 insert, 400%
higher for the mesh insert and 160% higher for the TT1 insert. Similar trends are observed at the
other collector inclination angles.
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An explanation of the observed trends from the physical perspective is as follows. The wire mesh
increases the heat transfer surface area as well as induces flow disturbances across the tube
cross-section, which contributes to the turbulence generation. However, the extent of mixing is
relatively limited to local regions. The coil inside the coil insert (C-3) creates flow disturbances
at two radial locations in the cross-sectional plane of the tube. The outer coil induces flow
disturbance and hence turbulence in the near-wall regions which facilitates the transportation of
heat from the wall, while the turbulence produced by the inner coil effectively brings this heat to
the core of the tube. The outer coil also contributes to the increase in the heat transfer surface
area. The twisted tape insert (TT1) induces swirl into the flow which contributes to the transfer
of heat from the wall to the core region. However, it does not extend the heat transfer surface
area since a clearance exists between the tape and the tube wall.
As noticed, these inserts from different families induces flow disturbance and hence turbulence
and some of them also increases the heat transfer surface area. However, the contribution to the
increase in the effective heat transfer surface area is rather limited due to the weak physical
contact with the tube wall. Therefore, at very low Reynolds number the flow disturbances
generated by these inserts are dampened by buoyancy and hence the mixing effects are
insignificant. Therefore, the flow disturbance configurations do not play an appreciable role in
heat transfer enhancement, and thus, the Nusselt number values in the presence of inserts are
almost identical to that in the absence of an insert. A slightly higher value for the mesh insert
could be due to the relatively large increase in the heat transfer surface area. However, as the
Reynolds number increases, the viscous effects become weaker and the role of inserts in
generating turbulence and enhancing mixing becomes more critical. As mentioned above, the C3 insert plays a better role in the enhancement of mixing and hence its contribution to the heat
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transfer augmentation continued to increase with an increase in the Reynolds number as evident
in Fig. 18.
In solar collector applications however, the Reynolds numbers are typically kept low, well within
the laminar range. The above results indicate that all insert configurations are effective in
enhancing the heat transfer rate. Although the mesh insert showed relatively better thermal
performance, its hydraulic performance is worse than the other two inserts due to high flow
energy losses. The results in general show relatively better heat transfer in the inclined collector
in the laminar range, however, the inclination angle of the collector is typically not a controllable
variable as it is dependent on the latitude angle at the installation site. The other considerations in
selecting an insert include material and manufacturing costs, and the ease of installation and
maintenance. For this aspect, C-3 insert configuration is better than the other two configurations.

3.6 Conclusion
An experimental study on the impact of insert devices on the thermal performance of flat-plate
solar collector is conducted in the laboratory environment. Inserts of different geometrical shape
and configurations were considered which include, twisted-tape inserts, wire coil inserts and wire
mesh insert. The experiments were conducted over a wide range of Reynolds numbers that cover
laminar to turbulent regimes for different collector inclination angles. It was observed that all
insert devices enhanced the Nusselt number, where the enhancement was more pronounced in
transition and turbulent flow regimes. The results show that in the wire coil family, the
concentric coils insert has the best performance, while the twisted-tape insert with the smallest
pitch ratio performed best the twisted-tape family. Comparison of the best inserts from different
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insert families show that the mesh insert performed the best in laminar flow regime and
augmented Nusselt number by 270% whereas in the turbulent range, concentric coils led to the
highest augmentation in Nusselt number, i.e., 460%, relative to the smooth pipe with no inserts.
The results show that the channel inclination does not have a significant impact on the Nusselt
number enhancement. As the solar collectors operate at low Reynolds numbers, and based on the
present study, the wire mesh insert performed better at low Reynolds numbers however, a higher
pressure drop is anticipated in the collector. Thus, from the overall thermal, hydrodynamic and
manufacturing aspects, the concentric coils would be a better option, which shows an overall
Nusselt number enhancement of 110% in the low Reynolds number range and 460% in the high
Reynolds number range.
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3.8 Figures

Figure 3-1: Experimental setup and water circuit layout
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Figure 3-2: 3-D model of the support frame
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Figure 3-3: Locations of thermocouples on the flat plate collector
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Figure 3- 4: Twisted tape inserts geometry

92

Figure 3-5: Coil insert (C-1)
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Figure 3-6: Coil away from the tube wall(C-2)
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Figure 3-7: Concentric coils (C-3)
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Figure 3-8: Conical coil (C-4)
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Figure 3-9: Mesh insert

97

Figure 3-10: Nusselt number variations for the collector without any insert (base case) for
three collector inclinations: horizontal (O); 30˚() and 45˚() at various flow
rates (200<Re<8000). The Nusselt number estimated from the correlation
provided by Churchill and Ozoe [21] (—); and Gnielinski [22] (- - -) are also
plotted for comparison
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Figure 3-11: Rayleigh number variations for the collector without any insert (base case) for 3
collector inclinations: horizontal (O); 30˚() and 45˚() at various flow rates
(200<Re<8000)
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Figure 3-12: Richardson number variations for the collector without any insert (base case) for 3
collector inclinations: horizontal (O); 30˚() and 45˚() at various flow rates
(200<Re<8000)
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Figure 3-13(a): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Coil insert (C- 1)
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Figure 3-13(b): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Coil away from tube
wall (C- 2)
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Figure 3- 13(c): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Concentric coils (C- 3)
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Figure 3-13(d): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for conical coils (C- 4)
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Figure3- 14: Nusselt number variations for coil family inserts: Coil(O); Coil away from the tube
wall(+); Concentric coils(); Conical coils() and comparison with smooth
tube() at various flow rates and at horizontal orientation of the collector
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Figure 3-15(a): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Twisted tape 1 (h= 35 mm)
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Figure 3-15(b): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Twisted tape 2 (h= 65 mm)
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Figure 3-15(c): Nusslet number variation for 3 collector inclinations: horizontal (O); 30˚()
and 45˚() at various flow rates (200<Re<8000) for Twisted tape 3 (h= 90 mm)
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Figure 3-16 : Nusselt number variations for twisted tape family inserts: Twisted tape 1 (h= 35)
(O);Twisted tape 2 (h= 65) (+);Twisted tape 3 (h= 90)() and comparison with
smooth tube () at various flow rates and at horizontal orientation of the
collector at various flow rates and at horizontal orientation of the collector
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Figure 3-17: Nusselt number variation for 3 collector inclinations: horizontal (O); 30˚() and
45˚() at various flow rates (200<Re<8000) for mesh insert.
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Figure 3-18: Nusselt number variations for the best coil insert: C-3() ; the best twisted tape
Insert: Twisted tape 1 (O); mesh insert () and comparison with smooth tube() ;
at various flow rates (200<Re<8000) and at horizontal orientation of the collector.
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Chapter 4
Conclusion
4.1 Conclusion
An experimental study on the thermal behavior of fluid inside a flat-plate collector and the
impact of insert devices on the performance of the collector is conducted. The results show that a
stratified flow is developed inside the collector tube due to non uniform heat flux. The fluid in
the upper portion of the collector attains the highest temperatures at a given cross-section
whereas the colder fluid remains in the lower portion of the collector. It is observed that the
structure of the temperature field inside the collector has similar trend over the entire range of
Reynolds number (250-650) considered and at all three heater temperatures. The local
temperatures inside the tube rose with a decrease in the Reynolds number and increase in the
heat flux. Local Nusselt number remains consistent over the dimensionless axial length of 0.3 to
0.5. The augmentation in local Rayleigh number along the axial distance shows that buoyancy
effects become more pronounced with the downstream distance. The temperature difference
inside the collector tube in the vertical direction at a given cross section may reach as high as
10˚C.
The stratified flow developed in the collector affects the thermal efficiency of the flat-plate
collector. Thus, the collector was tested with insert devices of different geometries to see their
impact on the Nusselt number enhancement inside the collector. All insert devices including
novel geometries such as concentric coils and conical coils were tested over a wide range of
Reynolds number (200<Re<8000) and at three different collector inclinations. It is concluded
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from the results that the insert devices augment the Nusselt number more significantly in
transitional and turbulent flow regimes than in the laminar flow regime. The inclination of the
collector does not have any considerable impact on the Nusselt number. In the laminar flow
regime, wire mesh insert proved to be the best insert and it increased the Nusselt number by
270%. In the turbulent flow regime, the concentric coil insert augmented the Nusselt number by
460% and showed the best performance. Enhanced heat transfer in case of concentric coils may
be attributed to the turbulence produced near the tube walls as well as in the core region. As the
solar collectors operate at low Reynolds numbers, and based on the present study, the wire mesh
insert performed better at low Reynolds numbers however, a higher pressure drop is anticipated
in the collector. Thus, from the overall thermal, hydrodynamic and manufacturing aspects, the
concentric coils would be a better option, which shows an overall Nusselt number enhancement
of 110% in the low Reynolds number range and 460% in the high Reynolds number range.

4.2 Significance of findings
A better knowledge of the temperature field inside a flat-plate solar collector is vital in order to
employ heat transfer enhancement techniques in the collector. The present study for the first time
provided the detailed structure of the fluid temperature temperature field inside a flat-plate solar
collector over a range of Reynolds numbers and incident heat flux conditions. Furthermore, some
novel insert devices were also considered and one of them (concentric coil) proved to be the best
among the available insert devices. Major conclusions from this experimental study can be
summarized as follows:
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1. The flow inside a flat-plate collector becomes stratified as the warmer fluid restricts itself
to the upper portion only.
2. The stratification inside the collector tube is seen to increase along the axial length due to
increased buoyancy effects.
3. Insert devices of all geometries augment the heat transfer process. The impact of coils on
heat transfer is observed to be more significant in higher Reynolds number ranges.
4. In the family of twisted tape inserts, the Nusselt number is significantly enhanced when
the twisted tape has a shorter pitch. This may be attributed to the increased intensity of
swirl flow as the pitch decreases.
5. The insert device capable of producing turbulence near the tube wall as well as near the
core is ideal for enhancing heat transfer in higher Reynolds number range, which is
demonstrated by the performance of concentric coils .
6. The effects of inclination have been observed to be too small and insignificant. Hence
they may be ignored for practical purposes

4.3 Future recommendations:
The present study provides an insight into the thermal process inside a flat-plate collector and the
impact of different geometries of insert devices on heat transfer. However, there are still certain
parameters which have not been considered in this study and may be taken into account in future
studies:
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1. Pressure drop across the collector may be studied for insert devices to evaluate their
hydrodynamic performance. They can also be categorized according to the flow range in
which they perform the best.
2. The best insert devices from this study can be optimised, e.g., concentric coils of different
diameters and wire thickness can be tested.
3. These insert devices may be used in other solar collectors with non uniform heat flux,
such as parabolic troughs (solar concentrators) to enhance heat transfer.
4. As inferred from this study, compound insert devices are more effective in enhancing
heat transfer as compared to individual insert devices. Therefore, different geometries
may be combined together to see their impact on heat transfer.
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